We have developed an efficient route for the synthesis of TiO 2 /Zn 2 TiO 2 /ZnO/C nanocomposites through a Pechini sol-gel method followed by heat treatment at 550 C for 30 min. sunlight and UV irradiation, respectively. The results also showed the stability and reusability of the asprepared nanocomposite and its applicability for the removal of OG textile dye from aqueous media.
Introduction
The textile industry is one of the major sources of environmental pollution due to a discharge of the textile dyes into the environment aer the dyeing process without treatment.
1-3 Among these pollutants, reactive dyes (e.g. Orange G dye (OG)) are the most harmful dyes owing to the carcinogenicity and toxicity of the dyes because of the presence of azo groups (-N]N-) in their chemical structures. [4] [5] [6] Removal of contaminants from wastewater has become a crucial demand for humanity. Thus, many researchers have devoted much of their research work to the treatment of wastewater of the textile industries before the disposal process. [7] [8] [9] To date, different chemical, biological, and physical procedures have been proposed for the removal of pollutants from wastewater including chemical oxidation, precipitation, reverse osmosis, ltration, membrane process, solvent extraction, adsorption, electrochemical and ultrasonic technique, biological treatment, and coagulation. 6, [10] [11] [12] [13] [14] [15] On the other hand, the photocatalytic degradation process has proven its efficiency for the removal of various textile dyes. [16] [17] [18] [19] [20] This technique depends on the generation of hydroxyl radicals due to the presence of a catalyst and light, which lead to degradation or completely mineralization of the dyes into nontoxic species, CO 2 and H 2 O. 21 Among the catalysts, titanium oxide (TiO 2 ), especially the anatase phase, is one of the most attractive catalysts in the photocatalysis applications due to its chemical stability, inexpensiveness, non-toxicity, and good optoelectronic properties. 22 However, this semiconductor has a wide band gap which exceeds 3.2 eV. Hence, the catalytic applications of this catalyst under sunlight irradiation are limited because the TiO 2 catalyst needs ultraviolet light for its activation. 23 Besides, the high recombination rate of the electron-hole (e-h) pair is the second limitation of the TiO 2 photocatalyst. [23] [24] [25] Additionally, zinc oxide (ZnO) has received a great attention as an alternative photocatalyst owing to its nontoxicity, high catalytic efficiency, as well as low cost, and it has similar band gap energy to that of TiO 2 .
26-29 However, the band gap energy of ZnO photocatalyst is still large (ca. 3.2 eV) so that it is only applicable under UV irradiation. 30 Thus, TiO 2 catalyst can be coupled with ZnO to enhance its photocatalytic activity through reducing the charge carrier recombination rate and enhancing its visible-light photocatalytic activity.
31-33
Because of the importance of TiO 2 /ZnO nanocatalyst, some methods have been adopted to fabricate this nanocomposite such as sol-gel, [34] [35] [36] In addition, synthesis of TiO 2 /ZnO nanocomposite using a facile and low-cost synthetic method is still a challenge, and the adopted procedures may require high temperatures, tedious work, and/or special equipment. Moreover, the Pechini sol-gel method has been proposed, as a so chemical method, for the preparation of various nanomaterials. 40, 41 This method has several advantages such as its low-cost, low-temperature operation, simplicity, controllable parameters, and homogenous blending at the molecular level. 40, 42 However, the Pechini method has not been reported for the synthesis of TiO 2 /ZnO nanocomposites so far, to the best of our knowledge. It is noteworthy that the Pechini sol-gel method is a two-step process. 42 The rst step is complexation of the metal cations using an organic chelating agent such as citric acid (CA) or ethylenediaminetetraacetic acid (EDTA). The second step is esterication of the produced metal complex using a polyhydroxyl alcohol such as ethylene glycol (EG) forming a polymeric and crosslinked resin. By this way, we can get a homogenous mixture of the used metal cations and less probable segregation of the cations during the ignition process of the polymeric resin which may occur at ca. 300 C. Additionally, it was reported recently that ZnO/Zn 2 TiO 4 /thin carbon layer composites was an efficient photocatalyst under solar light. 43 Hence, this discussion stimulated us to fabricate TiO 2 / Zn 2 TiO 4 /ZnO/C nanocomposite at a relatively low temperature via a Pechini method as a new route for this nanomaterial which was suitable for photocatalytic applications.
In the present study, we have developed a new strategy to synthesize TiO 2 /Zn 2 TiO 4 /ZnO/C nanocomposite as an efficient photocatalyst via a facile and low-cost Pechini sol-gel method. Therefore, TiO 2 /Zn 2 TiO 4 /ZnO/activated carbon nanocomposite was prepared using TiCl 4 , ZnNO 3 , citric acid (CA), and ethylene glycol (EG). The inuence of Ti : Zn molar ratios on the products and the photocatalytic efficiency of the photocatalysts for the degradation of Orange G (OG) dye have been investigated under sunlight and UV irradiation, separately.
Experimental

Materials and reagents
All materials and reagents were of analytical grade and used as received without further purication. Titanium tetrachloride 98% (TiCl 4 
Characterization
The phase compositions of the products were investigated by powder X-ray diffraction (XRD) measurement on an X-ray diffractometer; Bruker, model D8 Advance, with Cu-Ka radiation; l ¼ 1.54178Å. Morphologies of the products were examined by a eld-emission scanning electron microscope (FE-SEM; JEOL JSM-6390) and a high-resolution transmission electron microscope (HR-TEM; JEM-2100) operated at an accelerating voltage of 200 kV. The thermal stability of the samples was studied under N 2 atmosphere employing a thermal analyzer equipment (Shimadzu; model TA-60WS), and the heating rate of this analysis was 10 C min À1 . The chemical composition of the products was also investigated using Fourier transform infrared spectra gathered in 4000-200 cm À1 range on an FT-IR spectrometer (FT-IR; Thermo Scientic, model Nicolet iS10). The UV-Vis diffuse reectance spectra of as-prepared samples were performed in the range of 200-800 nm (using barium sulfate as a reference) using UV-visible spectrophotometer (Jasco, model v670) connected to an integral sphere (Jasco, model ISN-723).
The UV-Vis spectra of the adsorption and photocatalytic studies of the textile dye under study were performed on a Jasco UV-visible spectrophotometer (UV-Vis; Jasco, model v670).
Photocatalytic studies
The photocatalytic activity study of the as-prepared products was performed by degradation of Orange G (OG) dye. The photocatalytic degradation was carried out under sunlight illumination by placing the beaker containing the dye solution in a sunny place or under UV irradiation using UV lamps (Philips at 365 nm 4 Â 20 watt). The photocatalytic experiments were carried out at room temperature as follows: 50 mg of the as-prepared catalyst was dispersed in 50 mL of Orange G dye solution (20 mg L À1 ) and allowed to magnetically stir for 1 h in dark to reach an adsorption-desorption equilibrium. Aerward, the suspension was continued to stir and undergone UV or sunlight irradiation for a specic period. At pre-dened intervals, aliquots were withdrawn and centrifuged to remove the catalyst. The remaining concentration of the dye was determined employing a Jasco UV-visible spectrophotometer (UV-Vis; Jasco, model v670). The kinetics of the photocatalytic degradation processes of the dye was discussed as well. The degradation efficiency (DE) was estimated using the following relationship:
where, C 0 and C t are the initial concentration of the dye at zero time (i.e. before illumination) and the remaining concentration of the dye aer illumination for time t, respectively.
Results and discussion
3.1. Synthesis and characterization of the as-prepared photocatalysts 3.1.1. XRD investigation. The crystal structures of the generated TiO 2 , ZnO, and TiO 2 /ZnO nano-composite productsfrom simple and inexpensive precursors via a facile Pechini solgel route -calcined at 550 C were investigated using the XRD patterns. The XRD results are presented in Fig. 1(a-g ). Fig. 1(a) exhibited the XRD pattern of pure tetragonal anatase TiO 2 product, T, (JCPDS le no. 01-071-1168) indicating the high efficiency of the exploited Pechini sol-gel method in producing pure anatase TiO 2 nanoparticles. 44 No peaks from other crystalline impurities have been detected. The results also revealed that the used Pechini route produced pure ZnO nanoparticles because the diffraction peaks of the generated sample, Z, ( Fig. 1(g) ) could be indexed well to a pure hexagonal crystalline phase of ZnO (JCPDS le no. 01-071-1168). 45 No reection patterns from other crystalline impurities have been observed. On the other hand, using various Ti : Zn molar ratios during the preparation method, as shown in Fig. 1(b-f) , generated various TiO 2 /ZnO 2 nano-composites: TZ91, TZ73, TZ11, TZ37, and TZ19. The XRD patterns of the products: TZ73, TZ11, and TZ37, showed the existence of diffraction peaks corresponding to the formation of both tetragonal anatase TiO 2 (JCPDS le no. 01-071-1168) and hexagonal crystalline phase of ZnO (JCPDS le no. 01-071-1168) as a mixture. However, TZ91 and TZ19 samples did not exhibit the diffraction peaks of both TiO 2 and ZnO phases as a mixture but the samples showed the XRD patterns of TiO 2 and ZnO phases, respectively. This can be attributed to that all the ZnO is incorporated in the TiO 2 lattice in the TZ91 sample and vice versa for the TZ19 sample resulting in that ZnO peaks cannot be detected in TZ91 and TiO 2 peaks have not been observed in TZ19. This could also be deduced from the broadness of the diffraction peaks of both samples. Moreover, this was also supported by the FT-IR spectroscopy, as will be shortly explained. This behavior is consistent with the ndings of Janitabar-Darzi. 46 Interestingly, 7 : 3 and 1 : 1 Ti : Zn molar ratios produced a mixture of TiO 2 and ZnO phases in addition to the appearance of some new reection peaks attributing to Zn 2 TiO 4 phase as shown in Fig. 1(c and d) . The new diffraction peaks could be indexed well to a cubic phase of Zn 2 TiO 4 (JCPDS le no. 01-077-0014).
47
The existence of the new phase (Zn 2 TiO 4 ) may result from the reaction of some of TiO 2 and ZnO phases in the ame of the combustion process, which has a relatively high temperature, at the used molar ratios producing a single solid phase solution of Zn 2 TiO 4 . This result is in agreement with the results reported by Janitabar-Darzi. 46 Moreover, based on the intensity of the diffraction peaks, the percentages of TiO 2 , ZnO, and Zn 2 TiO 4 phases were approximately found to be 55.8, 12.2 and 32.0%, respectively, for the TZ73 sample and 38.5, 18.5 and 43.0%, respectively, for the TZ11 sample. Additionally, the average crystallite sizes of the products calcined at 550 C were estimated using the Debye-Scherrer equation (eqn (2)).
where, q B , b, and l are, the Bragg diffraction angle, diffraction peak full width at half maximum (FWHM), and wavelength of the X-ray radiation (nm), respectively. The average crystallite size of the T, TZ91, TZ73, TZ11, TZ37, TZ19 and Z products was estimated to be 20, 38, 29, 30, 49, 66 , and 70 nm, respectively. 3.1.2. FT-IR investigation. Chemical compositions of the as-synthesized products calcined at 550 C were investigated using the FT-IR spectroscopy and the FT-IR spectra are depicted in Fig. 2 . Fig. 2(a) Fig. 2(b-f) revealed the corresponding to bending and stretching frequencies, respectively, of the OH-groups of the adsorbed water molecules.
18,57,58
Eventually, the FT-IR results are summarized in Table 1. 3.1.3. Thermal investigation. Thermal analyses (TG/DTG/ DSC) of the combustion products (T, TZ73, and Z), before calcination, have been investigated and depicted in Fig. 3(a-c) . The three combustion products were taken as representative examples. The TG curves, Fig. 3(ai-ci) , of the combustion products; T and TZ73, exhibited weight losses of 4 and 2%, respectively, in the temperature range of ca. 50-200 C attributing to the removal of the physically adsorbed water molecules. Besides, the TG curves, Fig. 3 (ai-ci), revealed sharp weight losses of 58, 49, and 31% in the temperature range of ca. 250-500 C, for the aforementioned products, respectively, corresponding to decomposition of the remaining organic residue aer the combustion process. The TG analysis was supported by DTG ( Fig. 3(aii-cii) ) and DSC ( Fig. 3(aiii-ciii) ) analyses since both analyses showed two peaks for T and TZ73 products and only one exothermic peak for Z product. The rst one was very broad and weak due to the elimination of the adsorbed water molecules and this step was endothermic according to the DSC curves (Fig. 3(aiii-ciii) ). The second peak for all samples in both analyses was sharp and exothermic peak based on the DSC curves (Fig. 3(aiii-ciii) ), and this peak appeared at ca. 467, 461 and 437 C, respectively, for the previously mentioned combustion products. It is noteworthy that, according to thermal analysis results, it can be deduced that the calcination temperature of 550 C will be enough to produce pure ZnO, TiO 2 , Zn 2 TiO 4 , and ZnO/TiO 2 products.
Morphology investigation.
Morphology of the combustion products: T, TZ73, and Z, calcined at 550 C has been investigated utilizing a eld-emission scanning electron microscope (FE-SEM) as presented in Fig. 4(a-c) , respectively. The low magnication FE-SEM images (Fig. 4(ai-ci) ) of the products exhibited that the products: T, TZ73, and Z, are composed of irregular shape akes with an approximate size of 2.5, 5, and 2.5 mm, respectively. Moreover, high magnication FE-SEM images (Fig. 4(aii-cii) ) reveal the porosity feature of the all synthesized products. Besides, the irregular shape akes of the all prepared samples are composed of agglomerations of spherical and irregular shape nanoparticles. However, TZ73 sample contains some black spots which may be attributing to the presence of some carbon residue along with the ZnO/ Zn 2 TiO 4 /TiO 2 composite particles. Fig. 5 (a-c) exhibits the EDX spectra of the as-prepared products (T, TZ73, and Z) calcined at 550 C and the spectra conrm the purity of the prepared oxides. The EDX spectrum of T product ( Fig. 5(a) ) revealed Ti and O elements proving the existence of TiO 2 particles. Besides, the spectrum of Z product (Fig. 5(c) ) showed Zn and O elements supporting the formation of ZnO particles. And the EDX spectrum ( Fig. 5(b) ) of TZ73 product exhibited Ti, Zn, O, and C elements conrming the formation of TiO 2 /ZnO and Zn 2 TiO 4 particles and the presence of small quantity of carbon residue. Consequently, combined with the XRD and FT-IR results, it was conrmed that TiO 2 , ZnO, and TiO 2 /Zn 2 TiO 2 /ZnO/activated carbon nano-composite products have been successfully synthesized. Moreover, microstructures of the combustion products: T, TZ73, and Z, were examined employing a transmission electron microscope (TEM), Fig. 6(a-c) . The TEM images of the samples exhibited that the three samples have similar morphologies since they all are composed of spherical, square-like, and irregular particles. Besides, the TEM images of the as-prepared samples showed the porous nature of the products. However, the obtained average particle sizes were 21, 31, and 74 nm for T, TZ73, and Z products, respectively, which are in good agreement with the XRD results.
Investigation of the photocatalytic activity of the asprepared catalysts
The photocatalytic properties of the as-synthesized products: T, TZ91, TZ73, TZ11, TZ37, TZ19 and Z, have been investigated by examining the degradation of the OG dye under sunlight and UV irradiation, separately. The results are displayed in Fig. 7(a  and b) , respectively. The results revealed that OG degradation under sunlight illumination in the absence of photocatalyst was very slow. However, in the presence of the photocatalyst, the dye degraded signicantly in a short time. It is clear that the photocatalytic degradation of the OG dye over TZ73 nanocomposite is higher than those over the other prepared nanocatalysts (Ti, TZ91, TZ11, TZ37, TZ19, and Z), under sunlight illumination. Moreover, degradation of the OG dye over TZ73 nanocomposite under sunlight irradiation is also higher than that over the commercially available TiO 2 (P25). Interestingly, degradation of the OG dye reached ca. 100% aer 50 min irradiation time over TZ73 nanocomposite. On the other hand, carrying out similar experiments under UV irradiation exhibited that OG degraded slowly until it reached about 40% aer 180 min. However, the degradation of OG dye was enhanced signicantly in the presence of photocatalysts, under UV illumination. The results revealed that degradation of the OG dye was also higher in the presence of TZ73 nanocomposite and it reached ca. 100% in 120 min in comparison to the other prepared photocatalysts (P25, Ti, TZ91, TZ11, TZ37, TZ19, and Z), under UV irradiation. The UV-Vis spectra of the degraded dye under investigation (not shown here) exhibited that absorbance of the absorption peak decreased with increasing the time of irradiation without any change in the peak position. Besides, the spectra of the degraded dye did not show new peaks during the photocatalytic degradation. Consequently, it could be concluded that decomposition mechanism of the OG dye degradation proceeded through an aromatic ring opening mechanism and not through the formation of different stable intermediates.
59,60
Additionally, the photocatalytic degradation of OG dye over the as-prepared photocatalysts was quantitatively investigated using the pseudo-rst-order kinetic model, and the observed rst-order rate constant (k obs ) was determined. The values of the calculated k obs constants are presented in Fig. 8(a and b) , for the sunlight and UV irradiation, respectively. The kinetic data revealed that the degradation rate constants over P25, Ti, TZ91, TZ73, TZ11, TZ37, TZ19, and Z products under sunlight irradiation were 3.855 Â 10 À3 , 36. respectively. This means that presence of TiO 2 and ZnO in contact at a molar ratio of 7 : 3 and coexistence of ZnTiO 4 and activated carbon as well resulted in a photocatalyst with the highest activity. Similar results were obtained for investigation of the as-prepared products under UV illumination. The kinetic results exhibited that the degradation rate constants over P25, Ti, TZ91, TZ73, TZ11, TZ37, TZ19, and Z products under UV irradiation were 4.990 Â 10 À3 , 13. dye over magnesium aluminate photocatalyst where the activity of the photocatalyst was higher under sunlight illumination compared to its activity under UV illumination.
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Moreover, the high photocatalytic activity of the composite TZ73 may be due to the generation of more electron-hole pairs in this composite and the ability of this composite to efficiently suppress the recombination of electron-hole pairs because of the coexistence of TiO 2 , ZnO, Zn 2 TiO 4 , and carbon phases together resulting in high separation efficiency of charge carriers. To illustrate the efficiency of separation of charge carriers for TiO 2 /ZnO/Zn 2 TiO 4 /carbon nanocomposite, the conduction (CB) and valence (VB) band positions for TiO 2 , ZnO, and Zn 2 TiO 4 were calculated employing eqn (3) and (4), [61] [62] [63] and the results are presented in Fig. 9(a) E CB ¼ XE e À 0.5E g (3) where X is the absolute electronegativity, E e is the energy of free electrons on the hydrogen scale (4.5 eV), and E g is the band gap energy of the semiconductor. The reported E g and our calculated values based on the UV-Vis diffuse reectance spectra (not shown here) for TiO 2 and ZnO were found to be ca. 43 According to the estimated values of VB and CB ( Fig. 9(a) ) for phases forming the nanocomposite TZ73, under irradiation, the electrons absorb light and transfer through excitation from VBs of carbon thin layer, TiO 2 , ZnO, and Zn 2 TiO 4 to their corresponding CBs. Additionally, energies of CBs carbon thin layer and Zn 2 TiO 4 are more negative than those for the other composite components; TiO 2 and ZnO. Consequently, the photogenerated electrons on the CB of carbon thin layer ow to CB of Zn 2 TiO 4 , and the photogenerated electrons on the CB of Zn 2 TiO 4 will also ow to CB of ZnO then to CB of decomposed by reacting with the photogenerated electrons generating cOH radicals. On the other hand, oxidation of H 2 O (E 0 (H 2 O/cOH) ¼ +2.72 eV) and -OH (E 0 (OH/cOH) ¼ +2.38 eV) to cOH radicals does not occur on the components of the nanocomposite (TZ73) owing to their VBs values. Therefore, the adsorbed dye molecules will react with the photogenerated holes resulting in dye degradation into small molecules, e.g., H 2 O and CO 2 .
66 It is noteworthy that similar behavior for photocatalytic degradation of some organic dyes over ZnO/Zn 2 TiO 4 under solar light irradiation has been reported recently.
43
The efficiency of the as-synthesized TZ73 nanocomposite was examined by studying its reusability for OG dye degradation. Therefore, successive photocatalytic degradation reactions over TZ73 nanocomposite was achieved under sunlight and UV illumination, and the results were presented in Fig. 9(b and c) , respectively. The results reveal that the photocatalytic activity of the photocatalyst remains almost constant even aer four cycles, indicating the stability of the photocatalyst in the degradation reactions under sunlight and UV irradiation.
Conclusions
In conclusion, a novel quaternary TiO 2 /Zn 2 TiO 2 /ZnO/C nanocomposite was successfully prepared via a facile Pechini sol-gel method. The crystallite sizes and composition phases of the products have been tuned by using various the Ti 4+ : Zn 2+ molar ratios during the preparation process. The as-prepared products: TiO 2 , ZnO, TiO 2 /ZnO, and TiO 2 /Zn 2 TiO 2 /ZnO/activated carbon, exhibited good photocatalytic activity for the removal of Orange G dye under sunlight and under UV irradiation. However, the as-prepared TiO 2 /Zn 2 TiO 2 /ZnO/activated carbon photocatalyst showed the highest efficiency for the removal of OG dye. The dye removal percentage through the photocatalytic degradation over TiO 2 /Zn 2 TiO 2 /ZnO/C photocatalyst reached ca. 100% in 50 and 120 min, under sunlight and UV illumination, respectively. Moreover, the results indicated the stability and reusability of the as-prepared nanocomposite and its applicability for the removal of OG textile dye removal from aqueous solutions. However, based on the promising ndings presented in this paper, work on the remaining issues is continuing, and it will be reported in a future paper.
